Introduction
Electronics devices are composed of epoxy resin, Si and other many different types of materials. In the environment of their usage, the interface edges of different materials subjected to thermal cycles may develop peeling, which grows to crack leading to fatigue fracture 1) . And some electronics devices that have been submerged in mineral oil containing impurities (e.g., water, ethanol) are used. By the absorption of such impurities in mineral oil and thereby swelling of epoxy resin, swelling stresses are superimposed upon thermal stresses between different materials 2) . The fracture phenomenon happened from the superimposition of swelling stress upon thermal stress is extremely complicated and there are no reports of studies that quantitatively evaluated thermal fatigue life.
In this study, thermal fatigue life of epoxy resin/Si joint in a mineral oil environment was assessed by the diffusion-structure coupled nite element analysis. Then, the effect of swelling on thermal fatigue life was investigated by making a comparison between thermal fatigue lives with and without swelling taken into account.
Experimental and Analysis Procedure

Thermal cycle test
Conducting a thermal cycle test with a specimen being submerged in mineral oil involves a risk of explosion. Therefore, in the study, only a thermal cycle test in the air was carried out with the specimen not being submerged in mineral oil. On the assumption that the strength of joint interfaces does not decrease chemically in the mineral oil, the thermal fatigue life in the mineral oil environment was estimated by the laws of fatigue crack initiation and fatigue propagation that were obtained from the thermal cycle test.
In the study, a specimen was a truncated circular cone epoxy resin joined to a Si at plate. A high thermostability polyfunctional epoxy resin reinforced with silica particles was used. Average particle size of the silica is several tens of microns, and the grass transition temperature, T g , of the resin is 450 K. Figure 1 shows the con guration of the specimen.
Thermal cycle test was conducted under three different levels of temperature ranges. Table 1 shows temperature ranges for the thermal cycle test. Time per cycle was 20 min under any test condition. It was dif cult in the study to implement quantitative assessment of stresses at joint interface edges, so the presence of initial defect (micro crack) on interface edge was assumed to evaluate fatigue life using fracture mechanics parameter. A micro crack of 10 µm on the interface edge of epoxy resin/Si was created as a defect, and an initial fatigue (1) that uses the stress intensity factor range (to be hereinafter described) ΔK i .
where N 50 is the number of cycles to initiate the initial fatigue crack of 50 µm, ΔK i is the stress intensity factor range, α and C are material constants. And the fatigue crack propagation law was a Paris law type shown in eq. (2) that uses the crack propagation rate and the stress intensity factor range ΔK i 3)
.
where a is the crack length, N is the number of cycles, ΔK i is the stress intensity factor range, and C 1 and m are material constants. The crack length at the interface was measured by ultrasonic microscope at given cycles.
2.2
Calculation of stress intensity factor of joint interface In the study, ΔK i of the stress intensity factor range based on the theory of interface fracture mechanics was used as the driving force for fatigue crack initiation at interface edges and fatigue crack growth. K i was deemed to be by the mixed mode of mode I and mode II, therefore the stress extrapolation method as shown in eq. (3) was used 4) .
where r is the distance from a crack edge, and σ y and τ xy are normal stress and shear stress on the interface respectively, which were computed by nite element method (FEM). For the fatigue crack initiation law, the analysis model was used in which the initial micro crack of 10 µm as the initial defect was created at the interface edge of epoxy resin/Si. For the fatigue crack propagation law, the analysis model was used in which the crack length at a given number of cycles obtained in the thermal cycle test was created. The FEM model was an axisymmetric model and element was eight nodes axially symmetric element. An example of the model is shown in Fig. 2 . The number of nodes was about 100,000. Table 2 shows properties of each material used for thermal fatigue analysis.
A viscoelastic body was considered for epoxy resin and for a viscoelastic constitutive equation, a generalized Maxwell model (Prony series approximation model) shown in eq. (4) was used.
where, E r (t) is the relaxation modulus, E 0 is the moment elastic modulus, t is time, τ i is relaxation time and k is the number of terms respectively of the generalized Maxwell element. And for the shift factor, the Arrhenius type equation in eq. (5) is used 6) .
where T is the absolute temperature, T r is the reference temperature, Q is the activation energy, R is the gas constant, and α T r (T) is the shift factor of the temperature T relative to the reference temperature T r . Figure 3 shows the master curve of the relaxation modulus at the reference temperature of 423 K, where the activation energy of the shift factor was 213 KJ/ mol. And, K i in the thermal cycle test under the mineral oil condition (swelling taken into consideration) was computed by diffusion-structure coupled analysis and fatigue life was estimated from eq. (1) and eq. (2) obtained from the thermal fatigue test. The analysis was performed under the conditions listed in Table 3 for which the eld condition was taken into account. The analysis model was the same as the one used in the thermal fatigue test, but for consideration of changes in A mineral oil including impurities (3 mass% ethanol, 1.5 mass% methanol, 3 mass% water) was considered in this study. Concentration of mineral oil impurities present in epoxy resin was calculated by diffusion analysis. Diffusion was followed by the second Fick s law 7, 8) .
where, c is the concentration of mineral oil impurities in epoxy resin, t is the time, x is the distance, and D is the diffusion coef cient. The diffusion coef cient was found from the relationship between changes in time-weigh ratios in an oil absorption test with a at specimen 8) . And the relationship between the mass and concentration of mineral oil impurities diffused into the at plate is obtained from eq. (7).
where, M t is the mass of mineral oil impurities, and L is 1/2 of the thickness of the at plate specimen. C sat of the saturating concentration of mineral oil impurities in epoxy resin is obtained from eq. (8) .
where, W wet is the weight of the specimen at the saturation time, W dry is the weight of the specimen before testing, and V dry is the volume of the specimen before oil absorption. And, β, the coef cient of swelling associated with oil absorption is de ned in eq. (9) . And the coef cient is obtained from changes in the specimen dimensions during the oil absorption test. Table 4 shows material properties of the epoxy resin used for the diffusion analysis. Temperature dependence for the diffusion coef cient D and saturated concentration C sat were approximated by the Arrhenius law 9, 10) . Temperature dependence of the swelling coef cient β also approximated by the Arrhenius law. The boundary condition for FEM was that the outer surfaces of the FEM model other than symmetrical axis were always submerged in mineral oil.
In any of the analyses, the cycling was continued until the number of cycles reached 30. ΔK i was de ned as the stress intensity factor K imax at end of dwelling period at low temperature in each number of cycles. And the value at which the stress intensity factor became stable relative to the number of cycles was decided as the representative value in the analysis condition. The FEM solver of Abaqus/Standard 6.13-4 was used for all analysis.
Results and Discussions
Thermal fatigue life
The crack length at the joint interface at the cycles of 782 and 1500 in the thermal cycle test are shown in Fig. 4 . As shown in Fig. 4 , the fatigue crack lengths increase with increasing severity of the experimental conditions. On the basis of the results shown in Fig. 4 , the material constants in eq. (1) and in eq. (2) were determined.
The relationship between the stress intensity factor range ΔK i obtained by FEM analysis and the number of cycles to initiate fatigue crack of 50 µm is shown in Fig. 5 . N 50, the number of cycles for initial crack to initiate was determined by extrapolating the relationship between the crack length and the number of cycles in Fig. 4 . The material constants C and α in eq. (1) were 3.7 × 10 4 (cycle MPa µm 0.5 ) and 0.59 respectively. Figure 6 shows the relationship between crack propagation rate and stress intensity factor range. The fatigue crack propagation rates were determined from gradients of individual straight lines in Fig. 4 . And, ΔK i for the rate of fatigue crack propagation was the average value of ΔK i calculated from the analysis model with crack lengths at the cycles of 783 and 1500. It is generally known that the stress intensity factor in a structure becomes a function of a crack length 11) . However, in a displacement controlled type fatigue test, the stress intensity factor is not strongly dependent on the crack length 12) . Because of this, ΔK i in the fatigue crack growth and the crack growth rate in each of the test conditions shown in Fig. 4 were Table 3 Test conditions for diffusion-structure coupled analysis.
Time of 1cycle (h/cycle) 48
T max (K) 423
Holding time (s) 86100
Ramp rate (K/s) 0.716 Table 4 Material properties for diffusion analysis. ) and 2.9, respectively. On the assumption that diffusion of the mineral oil impurities into the epoxy resin does not chemically weaken the interface strength and, that material constants of the fatigue crack initiation law and the fatigue crack propagation law determined by the thermal cycle test remain unchanged in the mineral oil environment, thermal fatigue life under mineral oil condition was predicted. Figure 7 shows the impurities mass distribution calculated by the diffusion analysis. And Fig. 8 shows the relationship between mass of the mineral oil impurities in epoxy resin and stress intensity factor range and the number of thermal cycles. The mass of the impurities increases with increasing the number of thermal cycles and attains a state of saturation at the point of about 10 cycles. Furthermore, since an increase in swelling stress is accompanied by an increase in the mass of impurities, ΔK i increases and when the mass of the impurities attains a saturation state, ΔK i also becomes constant. Thus, changes in the mass of the impurities in epoxy resin have substantial effects on the magnitude of the stress intensity factor range. Especially, as about 10 cycles are required until the mass of impurities in epoxy resin attains a saturation state, this cycle number should take into consideration in FEM analysis. Figure 9 shows the relationship between stress intensity factor range and fatigue crack length obtained by thermal fatigue analysis in mineral oil condition. The critical crack length was set to 1.0 mm in consideration of reliability designing in actual products. ΔK i was determined as a representative value after 10 thermal cycles where the mass of impurities in the epoxy resin became saturated. ΔK i in the mineral oil environment increases and becomes 1.5 times larger than that without consideration of the mineral oil environment. Thus, swelling caused by an increase in the mass of the mineral oil impurities in the epoxy resin has a substantial in uence on ΔK i at the joint interface. ΔK i tends to increase relative to crack growth with the maximum value around a crack length of 800 µm, and subsequently a decreasing tendency was observed. The stress intensity factor increases with increasing crack length in load controlled type fatigue. However, it is known that the mechanical compliance of a structure increases with development of a crack in displacement control type fatigue, which leads to a tendency of ΔK to decrease 12) . Hence, ΔK i does not increase relative to crack growth and becomes mostly constant during thermal cycles in this study.
Prediction of thermal fatigue life under mineral oil condition
Here, the fatigue life in the mineral oil environment is predicted. The critical crack length was set to 1.0 mm in consideration of reliability designing in actual products. The fatigue life N f , was calculated by the following equations.
where, a cr is the critical crack length (1 mm in this study), C 1 and m are the material constants in eq. (2) , and N 50 is the number of cycles to initiate a crack of 50 µm determined by eq. (1). ΔK i is the function of structure-dependent crack length as shown in eq. (11) . In this study, ΔK i shown in Fig. 9 was made as a function of crack length (a quadratic polynomial), which was assigned to eq. (10). Figure 10 shows thermal fatigue life under air and the mineral oil environment. The life under the mineral oil environment was 0.4 times of that in air atmosphere. An increase in the stress intensity factor range at the joint interfaces of epoxy resin and Si caused by the swelling shortens the life. Thus, swelling by diffusion of the mineral oil impurities into epoxy resin is predominant factor on thermal fatigue life.
Conclusion
Thermal fatigue life of epoxy resin/Si joint under mineral oil condition was investigated by diffusion-structure coupled FEM analysis. Findings are as follows:
(1) The mass of mineral oil impurities present in epoxy resin increases with an increase in the number of thermal cycles by the diffusion phenomenon. The diffusion of the impurities into the resin causes swelling, which increases the stress intensity factor range ΔK i at the joint interface. 
